Abstract: Allostery has been revealed as an essential property of all proteins.F or enzymes,s hifting of the structural equilibrium distribution at one site can have substantial impacts on protein dynamics and selectivity.P romising sites of remotely shifting such ad istribution by changing the dynamics would be at flexible loops because relatively large changes may be achieved with minimal modification of the protein. Al igand-selective changeo fb inding affinity to the active site of cyclophilin is presented involving tuning of the dynamics of ahighly flexible loop.Binding affinity is increased upon substitution of double Gly to Ala at the hinge regions of the loop.Q uenching of the motional amplitudes of the loop slightly rearranges the active site.Inparticular,key residues for binding Phe60 and His126 adopt am ore fixedo rientation in the bound protein. Our system may serve as amodel system for studying the effects of various time scales of loop motion on protein function tuned by mutations.
Modulation of protein functions by tuning of their dynam-
ics is an important step towards understanding the dynamicfunction relationships inside proteins.
[1] Themost obvious way to modify protein function is by mutating amino acid residues at sites that are directly involved in activity. [2] Another increasingly popular approach is to alter sites remote from the protein active site.S uch allosteric mechanisms are well recognized in multi-domain proteins but there is growing evidence that they are ac ommon feature in many,i fn ot all, proteins. [3] Cyclophilin is one of the most prominent examples of asingle domain protein that makes use of intrinsic motions to carry out function. [4] Cyclophilin belongs to the isomerase class of enzymes that catalyze the cis-trans isomerization of X-proline peptide bonds,where Xrefers to any amino acid. [5] Recently,w ed etermined the structural ensemble of cyclophilin that comprises two states,a nd showed that the loop position is correlated with two structurally similar but distinct states located within the active site. [6] Interestingly,i nt he open loop conformation, the residues in the active site match closely with those in the X-ray structure in complex with the HIV capsid protein. [7] Theloop has two double glycine hingelike regions at either end, G64 and G65, and G74 and G75. Double substitution to Ala of either glycine pair is expected to render the hinges more rigid. To shift the population towards the binding competent form, we previously stabilized the open state of the loop with ad ouble mutation at the Nterminal hinge region of the ligand binding loop (G64A and G65A). Consequently, 15 N, 1 HNMR chemical shifts moved closer to those of the bound wild-type (WT) form, and binding affinity to ligands doubled. [6] While the G64A and G65A mutant is not sufficiently stable to allow for structural studies,the C-terminal hinge region G74A and G75A mutant turned out to be highly stable.Herein, we report the allosteric effects of hinge rigidification within aG 74A and G75A cyclophilin mutant. Them otional amplitude of the loop was modified, thereby creating ap reference for a cis-locked ligand in the active site.
Thec yclophilin glycine double mutant is pre-organized for peptide binding.T ob etter understand the mechanism of ligand recognition and the effect of loop dynamics on cyclophilin-peptide binding,w ep erformed NMR chemical shift mapping analysis by comparing peak positions ( 15 N, 1 H chemical shifts) of cyclophilin WT and mutant, both in free form and bound to cis-, trans-a nd WT peptide (Supporting Information, Figure S5 ). Forresidues experiencing achemical shift change (CSC) in the presence of the ligand, we observed as imilar magnitude of CSC for WT cyclophilin and the glycine double mutant in complex with the WT and transpeptides.H owever,a ddition of cis-peptide to the glycine double mutant led only to am inimal chemical shift changes compared to those observed for the WT and trans-peptides (Figure 1 ; Supporting Information, Figure S1 ). Since all experiments were done using saturated concentrations of peptide ligands (1:11 protein to peptide ratio), it is implied that the residues responsible for binding in the double glycine mutant were already in or close to the bound conformation prior to peptide binding.P lotting the differences between CSCs upon cis-, trans-a nd WT peptide binding for WT protein and mutant, respectively,r evealed three hot spot regions involving residues F60, A101 and H126 (Figure 1d ) (F60 and H126 have been reported to be responsible for ligand binding [8] ). Loop residues are less mobile in the glycine double mutant. To verify that the glycine-to-alanine double mutation indeed rigidifies the loop,weperformed nuclear Overhauser effect spectroscopy (NOESY) measurements on mutant and WT cyclophilin. Figure 2s hows slices through the 1 H-1 H plane for residues G65, D66, T68, and H70 located on the loop,w hich exhibit ac onsiderable number of cross peaks to the rest of the protein. To further investigate the implications of loop dynamics upon mutation, we measured and compared the transverse relaxation rates R 2 of the WT and mutant using aHahn-echo-type experiment, which is sensitive to exchange contribution on the micro-to millisecond time scale. [9] Figure 2s hows R 2 rates plotted as af unction of the amino acid sequence.I nW Tc yclophilin, loop residues as well as residues 135 and 149 undergo detectable exchange,a s revealed by increased R 2 rates ( Figure 2 , Figure 3 ; Supporting Information, Figure S2 ). Upon introduction of the double alanine at position 74 and 75, the pattern of motion at and around the loop changed dramatically.T he R 2 rates of the loop residues decreased to values typical of the rest of the protein, while asubstantial rise in R 2 was noticed for residues 72, 77, 78, 82, 83, and 86 ( Figure 2b ). Residues 72, 77, and 78 are close to the mutation site;t herefore,t heir R 2 increases could be directly related to the amino acid change at 74 and 75. Residues 82 and 83 form part of ah ub known to induce ac onformational switch from am inor to am ajor conformational state. [4] This suggests that the double glycine mutation can induce exchange in this region through long-range effects. Theorigin of an increased R 2 rate for residue 86 is not clear, but its peak completely broadens out in the free WT protein, indicating that it undergoes even more exchange in the free protein. We performed relaxation measurements in the presence of different peptide ligands to see how the R 2 rates change in bound WT and mutant cyclophilin (Figure 2a and  b) . Interestingly,t he R 2 rates for WT and mutant cyclophilin were very similar when bound to the WT peptide and or peptide in trans-conformation, except in the case of residues 135 and 149 (Figure 2) . However,when bound to the peptide in the cis-conformation ageneral increase in R 2 was observed around residues 93-126 for the double glycine mutant (Figure 2b ).
TheG74A and G75A double mutant has ahigher affinity for cis-peptide.Ift he double glycine mutant possesses apreorganized binding site (as suggested by CSC,N OESY,a nd relaxation data) then the affinity of G74A and G75A/cispeptide interaction should be higher than that of the WT/cispeptide interaction. Indeed, the K d for the G74A and G75A/ cis-peptide was 50 AE 30 mm,while that for the WT cyclophilin was 170 AE 70 mm at 4 8 8Cu sing fluorescence resonance energy transfer (FRET) [10] based assays (see Figure 4 ). (A similar K d trend was observed with chemical-shift analysis of individual binding residues at 26 8 8C; Supporting Information, Figure S4 .) K d measurements were further corroborated with WT cyclophilin/WT peptide (164 AE 32 mm)a nd G74A and G75A/WT peptide (107 AE 30 mm) interactions,indicating that the double glycine mutant had an improved affinity for the WT peptide while the affinities for trans-peptide remained virtually unchanged (94 AE 20 mm compared to 101 AE 38 mm ;Supporting Information, Figure S4 ). Thef act that the WT peptide alters K d upon mutation, whereas trans-d oes not, implies that the cis state causes the change.T he enhanced affinity observed for the double glycine mutant is ar esult of its ability to efficiently accommodate the cis-peptide because of its preorganization at the active site,a sc orroborated by CSC mapping analysis,r elaxation measurements and NOESY data.
In summary,w es et out to investigate how enzymesubstrate selectivity can be fine-tuned by dynamics.W echose the enzyme cyclophilin for two reasons;itcontains adynamic loop (residues 65-72) that samples two conformational substates and it binds both a cis-a nd trans-oriented peptide. Binding is coupled to loop motions.W ith that in mind, we introduced ad ouble glycine-to-alanine mutation at the Cterminal hinge region of the loop (Figure 3b ). This mutation increased binding competence to cis-peptide relative to the WT cyclophilin. Using NOESY analysis and relaxation measurements,w ed emonstrated that the mutation does indeed narrow the space sampled by the loop.S ubsequently, we investigated the molecular basis of the tuning effect on the active site by NMR CSC mapping analysis.C SC analysis showed that the active site,i ncluding residues F60, A101, H126 and C52, are slightly rearranged in the mutant compared to the WT with substantial reduction in exchange contributions to the transverse relaxation R 2 rates for the loop residues.Weconclude that CSCs are caused by both structural and dynamical re-organization and that cis-ligand binding in the mutant experiences less rearrangement compared to WT cyclophilin. Additionally,i ncreased R 2 rates were observed for S21, K125, G135 and N149, which correlated with the ability of the mutant to bind preferentially to the cis-peptide. Together,these findings indicate that by altering the dynamics of the loop movement distal to an enzyme active site,enzyme function may be influenced substantially.D ouble glycine substitution has ap reference for the cis-ligand. Our previously reported double mutation at the N-terminal hinge of the same loop doubled the affinity of both the trans-a nd WT ligands. [6] On the other hand, the mutation investigated here maintained affinity to the trans-peptide,and increased affinity to the WT ligand. This observation can be explained by increased affinity for cis-peptide binding,and unaltered transpeptide binding.I na nother example of cis-trans isomerase, human pin1 binding to a cis-a nd or trans-locked peptide resulted in an altered dynamic behavior of the protein. [11] Interestingly,t he trans-locked peptide produced aw eaker response,w hich we also observed for the R 2 rates of the cyclophilin mutant, but not for the WT.I th as been pointed out that the time-scales of loop motion and confomational plasticity may play an important role in activity,s electivity and the rate of enzyme catalysis. [4, 12] Mutation of histidine 70 in cyclophilin to alanine within the loop caused am inimal change in dynamics as probed by CPMG NMR measurements,and therefore did not alter affinity. [4] More recently,it has been shown that altered loop dynamics of two escapemutants of HIV-capsid protein are also relevant to interaction with cyclophilin. [13] Direct evidence of the influence of dynamics in single domain protein binding and selectivity has been found in af ew other cases,b oth experimetally , and H70 for WT cyclophilin( blue) and G74A and G75A mutant (red). Increased intensities of cross peaks indicate that loop residues make substantial contact with the rest of the protein and that they are less mobile in the mutant than in the WT protein. b), c) Transverse R 2 NMR relaxation rates plotted as functions of the amino acid residues for the free WT cyclophilin and mutant (blue), and bound to the transpeptide (red) and cis-peptide( green). In the double glycine mutant, the increased R 2 rates of loop residues reduce to R 2 values typical of the rest of the protein (gray rectangle), except around the residues near the mutation site. and computationally. [14] However,t he concept of conformational selection and its effect on protein function is becoming increasingly popular.
[3d-g] Our system opens up possibilities to introduce specific time scales of loop motion by further mutations.L inking these time scales to catalytic activities would help to elucidate the role of time-scale dependent dynamic allostery. . Equilibrium binding constants for cis-peptide binding were determined from aplot of the fluorescence change (FRET) versus peptide concentration. The K d of the G74A/G75A mutant is 50 AE 30 mm,while that for the WT is 170 AE 90 mm. K d was determined by fitting of the data to astandard equation describing the equilibriumbinding of two molecules. [10] Fits from three different wavelengthsa re shown. Measurements were performeda t48 8C. K d values are the averages of three different wavelengths and propagated errors are reported.
